Photosynthetic organisms rarely experience optimal growth conditions in their natural habitat, and at any given time, two or more physical and chemical variables are likely to be suboptimal. The extreme environment of the Great Salt Plains (GSP) results in low algal biomass, such that natural selection is likely driven by survival of multiple abiotic stresses rather than rapid growth and biotic interactions. The objective of this study is to determine the effect of combined salinity stress and carbon limitation on growth and photosynthesis in the green alga Picochlorum oklahomensis isolated from the GSP habitat. Algal cells were grown in batch cultures under bicarbonate sufficiency (control) or low bicarbonate at salinities of 10, 50 and100 ppt. in artificial seawater (AS 100) medium. Cells were physiologically characterized by initial growth rates, cell yields, photosynthetic light-response curves (oxygen evolution), pigment composition, and the chlorophyll fluorescence parameters F v /F m , Ф PSII , qP and NPQ. Low bicarbonate and increasing salinity from 10 to 100 ppt, as well as the bicarbonate-salinity interaction resulted in significant lower cell yields and initial growth rates. In general, high salinity resulted in significant primary effects for the majority of variables but a significant effect of bicarbonate and bicarbonatesalinity interaction were less common among the physiological variables.
INTRODUCTION
Picochlorum oklahomensis, a unicellular halotolerant green alga, was isolated from shallow evaporitic pools at the Salt Plains National Wildlife Refuge (SPNWR) in northwestern Oklahoma, USA. Picochlorum sp. is classified as belonging to the Domain Eukarya, Kingdom Protista, Division Chlorophyta and Class Trebouxiophyceae (Graham and Wilcox, 2000; Henley et al., 2002; 2004) . (Henley et al., 2002) . Hypersaline environments, including the SPNWR usually have high salinity, exhibit fluctuations in their salt concentration over time because they are generally found in areas which are occasionally flooded by rain or seawater and are also subject to evaporation. Some minerals may precipitate as a result of the evaporation and this could lead to changes in the brine composition (Eugster and Jones, 1979; Nissenbaum, 1980) . Nutrient concentrations and ratios do vary with salinity and anion composition in saline lakes and these changes in salinity can potentially affect algal nutrient requirements (Schobert, 1974; Cole et al., 1986) . Organisms living in the SPNWR are exposed to these variations in environmental factors and may have developed ways to cope with these changes.
There is uncertainty about the effects of high and variable salinity on nutrient solubility and bioavailability. It is anticipated that high salinity would make nutrient less bioavailable to the organism because of precipitation and therefore organisms found in such environments may become adapted to low nutrient levels. There have been various interests in looking at the effect of salinity on algal and plant growth as well as separate studies investigating the effect of low nutrients on algae and plants. However, there have been very few studies looking at the effects of both salinity and low nutrients concurrently in algae or plants. Recent effort has been looking at either, salinity and temperature, temperature and light or salinity and light, but no previous study has examined the effect of salinity and nutrients limitation relating to plants and algae particularly those from the SPNWR.
Salinity refers to the salt content of water or the soil. It is considered to be a very important environmental factor because of its role in reducing crop yield in most part of the world (Komori et al., 2003) . Apart from challenges experienced by organisms in the natural habitats such as marine and hypersaline environment, increases in salinity is also encountered as a result of inappropriate irrigation techniques employed by farmers in soils considered to be arid or semiarid. Salinity stress may affect plants and algae through osmotic and ionic stress. Water deficit bring about osmotic stress while as a result of excess Na + and Cl -and reduction in the uptake of other mineral nutrients can bring about ionic imbalances or stress (Ashraf and Harris, 2004) .
Plants and algae may differ in the way they respond to salt stress. Some are able to tolerate the salt stress within certain limits without any problem. Others are able to exclude the salts through their leaves or salt glands. Still others produce compounds making their tissues tolerant to the salt concentration. One of such common ways is the production of osmoprotectants or compatible solutes to lower the internal water potential of the cell and thus being able to take up water from the environment. The compatible solutes include mannitol and proline. Proline is produced in the cell from glutamate and the synthesis requires ATP and NADPH. Effects of bicarbonate limitation and salinity stress on growth...
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Trying to maintain proper osmotic conditions may therefore be at a high energy cost which may be manifested in reduced growth rates and decrease in photosynthetic electron transport activities (Gimmler et al., 1981; Kirst, 1989; Ashraf and Harris, 2004) . Lawlor (2002) suggested that these osmoprotectant may also play other roles in organisms such as being nitrogen sources during periods of reduced growth and photosynthesis. Salt stress also affects protein synthesis, the functioning of some enzymes and also the membrane integrity. Salinity may also cause disorganization of photosystem II. When salinity negatively affects membrane lipids, it leads to problems with membrane permeability, transporters and enzymes (Kerkeb et al., 2001) .
Carbon is one of the most important elements necessary for plants and algal growth and development. Carbon forms the skeleton of all the biomolecules and structures found in living organisms. It may be taken in as either carbon dioxide commonly in terrestrial habitats and to some extent in aquatic environment or as bicarbonate (HCO 3 -) mostly in aquatic habitats. There is always less amount of dissolved CO 2 but more of HCO 3 -available at alkaline pH which is the usual pH in marine and hypersaline environment. For example at a pH of about 8.2 when seawater is in equilibrium with air, there is only about 10 μM CO 2 present and CO 2 diffusion is known to be very slow in water (Round, 1981) .
The problem of not having CO 2 readily available and also the precipitation of HCO 3 -may restrict the supply of inorganic carbon to marine photosynthetic organisms including microalgae. In order to overcome the challenge of carbon availability for photosynthesis, most microalgae have developed various mechanisms to efficiently take up dissolved inorganic carbon and making it available in the cells for use. The mechanisms include the active uptake of CO 2 and HCO 3 -from the growing medium, production of carbonic anhydrase and also an inorganic carbon concentrating mechanism (Falkowski and Raven, 1997; Kaplan and Reinhold, 1999; Giordano et al., 2005; Spalding, 2008) . The main purpose of CO 2 -concentrating mechanism is to make CO 2 more available and thus increase the CO 2 /O 2 ratio at the active site of ribulose-1,5-bisphosphate carboxylaseoxygenase (Rubisco) and therefore reducing photorespiration.
The objective of this study is to determine the effect of combined salinity stress and carbon limitation on growth and photosynthesis in the green alga Picochlorum oklahomensis.
MATERIALS AND METHODS Organism
The organism used in this study is Picochlorum oklahomensis, a unicellular green alga, was isolated from the Salt Plains National Wildlife Refuge, Oklahoma, USA in 1998.
Growth media
The cultures were maintained in artificial seawater medium, AS100 (Starr and Zeikus, 1993) but with some modification. The sodium chloride (NaCl) content was changed to give a concentration of 10, 50 and 100 ppt. The salinity was checked using a hand-held refractometer (A366ATC). In preparing the AS100 medium, MgSO 4 , KCl, NaNO 3 , CaCl 2 , NH 4 Cl and Tris buffer (pH of 8.08) were added to the sodium chloride solution and then after autoclaving, the vitamins, sodium thiosulfate, chelated iron, sodium bicarbonate, and potassium dihydrogen phosphate solutions were added, using a syringe and Acrodisc 0.2-μm sterile syringe filters.
For low bicarbonate, the concentration was 500 μM. The control medium had 2 mM HCO 3 -. 50 ml of each treatment was poured into a 125-ml Erlenmeyer flask made from optically clear polycarbonate and plugged with cotton wool surrounded with aluminium foil. There were three flasks maintained for each treatment giving three replicate cultures of Picochlorum for each treatment. The preparation of the medium and the inoculation procedures were carried out in a laminar flow hood under sterile conditions.
Growth conditions
The experimental cultures were kept in a growth room at a day/night temperature regime of about 27° to 35°C and a photon fluence rate (PFD) of about 200 μmol photons·m -2 · s -1 . The source of light was a 1000-watt metal halide lamp at a 14:10-h light:dark (L:D) cycle. For the experiments, the inoculum from the stock culture in Salt Plain medium (prepared from salt brine from the salt plains) was preacclimated in a 50 ppt AS 100 medium for seven days before inoculating for the beginning of the two-stage experiment. Samples from the first culture were used to inoculate the second set of cultures in triplicate after ten days of growth. The first stage of culture enabled the Picochlorum cells to acclimate to the nutrient treatments and to ensure that most of the stored nutrients had been completely used. Each treatment had three replicates.
Determination of cell numbers and initial growth rate
Samples were taken daily from each of the cultures throughout the experiment and actual cell counts performed. Total cell densities were determined by transferring 10 μl of each sample unto a hemacytometer and performing total cell count. The initial growth rate (μ, d
-1 ) was determined by fitting Jassby and Platt (1976) , function of a nonlinear curve to the graph of ln (cell density) versus time for each replicate culture using Sigma Plot 2000 software. The mathematical function by Jassby and Platt (1976) is given below:
where CDm is increase in In cell density, CDo is Initial In cell density, µ is growth rate (in d -1 , which is the initial slope) and T is time in days.
This equation was used because there was no prolonged exponential phase giving a linear line for the determination of initial growth rate. The cell densities at the end of day 10 were used as the final cell yield.
In order to further analyze the curvature of the graphs as a way of getting more information from the growth data, Bannister's function (1979) was used to obtain the convexity values.
where CDm is Final In cell density, CDo is initial ln cell density, µ is growth rate (in d -1 , which is the initial slope), T is time in days, and c is convexity.
Photosynthetic Measurement
Six days old second stage cultures were used for this experiment. Some of the cells were concentrated in order to obtain cell densities almost equal to all treatments and spiked with 8 mM NaHCO 3 . Photosynthetic light-response (P -I) curves were measured as whole cell oxygen exchange at 27 o C in a Hansatech DW waterjacketed, 9-mL electrode chamber with continuous stirring and connected to a computer. Samples were exposed to a series of 12 increments of photon flux densities (PFD) from darkness to > 1500 μmol photons m -2 s -1 using a slide projector as source of light fitted with neutral density filters. Exposure to each PFD was 4 min after a 30-second equilibration period.
Photosynthetic rates (μmol O 2 hr -1 ) were automatically calculated in real time by linear regression after each PFD. The calculated photosynthetic rates were also checked manually from the data generated and normalized to cell density. Light saturated photosynthesis (P max ), initial slope (α) and dark respiration (R d ) were determined by fitting individual curves to a Jassby and Platt (1976) function using Sigma Plot 2000 software.
where Pm is light-saturated photosynthetic rate, R d is rate of respiration in darkness, α is the initial ascending slope and I is light intensity.
Pigment Content
In order to understand the effect of low bicarbonate and salinity stress on the pigments in Picochlorum, cultures in the second stage were harvested on day 6 and the chlorophyll content determined by filtering 3 mL of each culture suspension and transferring the cells together with filter paper into 3.5 mL dimethylformamide (DMF) and keeping them in the dark for 24 hours. DMF was used because it has been identified as being able to chemically stabilize chlorophyll and as well as preventing its oxidation. DMF is also able to extract a lot of chlorophyll from samples compared to other solvents commonly used (Porra et al., 1989) . Extracts were centrifuged to remove cellular debris and the absorption spectra measured from 400 to 750 nm using a spectrophotometer with 2-nm band pass. The concentrations of chlorophylls a and b were determined using the equations by Porra et al. (1989) :
Chlorophyll a = 12.00 A 664 -3.11 A 647 Chlorophyll b = 20.78 A 647 -4.88 A 664 where A is the absorbance at the specified wavelength, corrected for scattering by subtracting A 750 .
Total carotenoids were calculated using Wellburn's equation (1994) . 
Chlorophyll fluorescence
Six days old second stage cultures were used for this experiment. Chlorophyll fluorescence quenching analysis was carried out at room temperature using a Dual-Modulation Kinetic fluorometer (PhotoSystems Instruments, Czech Republic). The fluorometer was connected to a computer with data acquisition software, Fluowin. Two mL of culture was put into a cuvette and the cuvette placed into the sample compartment for the measurement to proceed. Each sample was dark-adapted for 10 min before starting with the measurement. The minimal fluorescence level in the dark-adapted state (F o ) was measured by activating the modulated light (ML) which was very low in order to prevent the induction of significant variable fluorescence.
A 0.8 s flash of saturating white light (>1000 μmol photons·m -2 · s -1 ) was then applied to determine the maximal fluorescence in the darkadapted state, (F m ). After a lag phase of 20 seconds, the actinic light, AL (about 400 μmol photons·m -2 · s -1 ) from light-emitting diode was turned on to provide continuous white illumination for 30 seconds. In order to determine the light-adapted maximal chlorophyll fluorescence (F m '), saturating pulses were applied to the sample at different intervals during the period of actinic light driving photosynthesis.
Using both the dark and light fluorescence parameters, the following were calculated for the fluorescence analysis: the maximum efficiency also known as optimal quantum yield of PS II photochemistry in the dark-adapted state, (F v / F m ); the actual quantum yield of PSII electron transport in the light-adapted state, Φ PSII = (F m ' -F')/F m '; the photochemical quenching coefficient, qP = (F m ' -F') / (F m '-F o '), which gives a measure of the proportion of open PSII reaction centers and the non-photochemical quenching, NPQ = (F m -F m ') / F m ' (Genty et al., 1989; Bilger and Björkman, 1990) . The fluorescence nomenclature used in this section follows van Kooten and Snel (1990) .
Experimental design and Statistical analysis
A factorial design was used for the experiments with salinity as one factor at three levels (10 ppt, 50 ppt and 100 ppt) and nutrient (bicarbonate) as the other factor at two levels (control and low). Data of the initial growth rates, cell densities, photosynthetic parameters, pigment content and the fluorescence parameters were analyzed by using two-way analysis of variance (ANOVA) with replication at p = 0.05. The significance of difference between treatments was analyzed using Tukey HSD multiple comparison. The software used for all the statistical analysis was SYSTAT version 10.
RESULTS

Growth Rates and Cell growth
Picochlorum growth rate is largely unaffected by salinity below 50 ppt, but is reduced by about one-third at 100 ppt in control (Figs. 2  and 3 ). Low bicarbonate (LC) cultures exhibited the same pattern as the control but are shifted to lower growth rates (Fig. 2) . Primary effects of both salinity and bicarbonate were highly significant in two-way ANOVA (p=0.000). All individual treatments were sig- nificantly different except control at 10 and 50 ppt (p=0.718). In addition, bicarbonate-salinity interaction was significant, because initial growth rates in control were the same at 10 ppt and 50 ppt but were reduced in the low bicarbonate treatment at 10 ppt. The effect of low bicarbonate was proportionately the same at 10 and 50 ppt (LC/Control = 0.6), but greater at 100 ppt. The absolute reduction of 0.2 d -1 at 100 ppt was the lowest compared to twice that value at 10 and 50 ppt.
Cell yields at day 10 exhibited much the same patterns as initial growth rate, with the exception that control yields at 10 and 50 ppt differed, whereas low bicarbonate yields at 10 and 50 ppt did not (Fig. 3) . Both primary effects of salinity and low bicarbonate and their interaction were significant for cell yields (p=0.000). The effect of low bicarbonate was greater on initial growth rate than on cell yields at day 10.
Photosynthetic Measurements
In order to investigate the effect of low bicarbonate and salinity stress on photosynthesis in Picochlorum, oxygen evolution was measured and the following three fundamental parameters were calculated: The rate of respiration in darkness (R d ), the slope at limiting PFDs, α, (which comprises both light-harvesting efficiency and photosynthetic energy conversion efficiency), and the light-saturated photosynthetic rate (P max ). Photosynthetic rates (μmol O 2 hr -1 ) were automatically calculated in real time by linear regression after 270 sec exposures to PFD. Photosynthetic light-response (P-I) curves are shown in figure 4. These parameters were obtained for each replicate of a particular treatment (3 per treatment) and then were analyzed using ANOVA.
Neither salinity nor low bicarbonate significantly affected dark respiration, since variabil-Effects of bicarbonate limitation and salinity stress on growth... (Table 1) . Salinity, but not low bicarbonate, significantly affected α, (p=0.044). However, none of the individual treatments differed in multiple pairwise comparisons (p=0.202), probably due to inadequate statistical power with n=3. Both salinity and bicarbonate treatments significantly affected P max (p=0.007). In both control and low bicarbonate treatments, P max was significantly lower at 100 ppt than at lower salinities.
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Salinity, carbon limitation and pigments
Total chlorophyll (a + b) per cell was significantly affected by salinity but not bicarbonate treatment. The interaction between salinity and bicarbonate was also significant ( Fig. 5 ; p=0.000). Chlorophyll decreased with increasing salinity, with most of the decrease occurring at 100 ppt. Chlorophyll levels were reduced by about 28% and 46% at 100 ppt in control and low bicarbonate cells, respectively, relative to 10 and 50 ppt. Chlorophyll a/ chlorophyll b ratio was not significantly affected by salinity or bicarbonate. Total carotenoids per cell were significantly affected by salinity, bicarbonate treatment and the interaction between these factors ( Fig. 6 ; p=0.038). Carotenoids decreased with increasing salinity, with most of the decrease occurring at 100 ppt in both control and low bicarbonate treatment. Differences among 10 and 50 ppt cultures were small (<14 %). At 100 ppt, carotenoids decreased by about 21-38 % relative to 10 and 50 ppt. Chlorophyll/carotenoids ratio was significantly affected by salinity and the salinitybicarbonate interaction (p=0.000), but not by bicarbonate alone (p=0.051). Low bicarbonate effect was inconsistent among salinities, and salinity effect differed between bicarbonate treatments. However, none of the differences exceeded 17%.
Determination of Fluorescence Parameters
The determination of the chlorophyll a fluorescence parameters in Picochlorum by the saturation pulse method were calculated from the fluorescence measurements as demonstrated by those cultured in control medium (Fig. 7) .
Salinity, bicarbonate and fluorescence
The maximum quantum yield of PS II photochemistry in the dark-adapted state, (F v /F m ) was significantly affected by salinity but not low bicarbonate or the interaction between salinity and bicarbonate treatment ( Fig. 8; p=0 .081). Within the control cultures, there was a decrease of approximately 5% in F v / F m at 50 ppt relative to 10 ppt. Low bicarbonate slightly increased F v / F m at 10 and 50 ppt. The effective quantum yield of PSII electron transport in the light-adapted state, Φ PSII given by (F m ' -F') / F m ', was significantly affected by salinity and bicarbonate treatment ( Fig. 8a ; p=0.001) but not the interaction between these factors. Increasing salinity resulted in a decrease in Φ PSII . In control cultures, the reduction was 26% and 21% respectively at 50 and 100 ppt compared to 10 ppt. Low bicarbonate significantly increased Φ PSII by 35% at 50 ppt (p=0.024) and an insignificant increase of about 23% at 10 ppt and 100 ppt. The photochemical quenching coefficient, qP, was significantly affected by salinity and bicarbonate treatment ( Fig. 8b ; p=0.003) but not the interaction between these factors. In the control treatment, increasing salinity decreased photochemical quenching by 25% and 31% at 50 and 100 ppt respectively compared to 10 ppt (p=0.034). Low bicarbonate increased photochemical quenching by 10%, 27% and 20% at 10, 50 and 100 ppt respectively. Neither salinity nor bicarbonate treatment significantly affected non-photochemical quenching, NPQ, although low bicarbonate reduced nonphotochemical quenching at all salinities (Fig.  8b) . Large variability in NPQ values resulted in low statistical power.
DISCUSSION
The hypothesis for this study is that the effect of salinity stress on growth and photosynthesis in Picochlorum will be different under control conditions compared to low bicarbonate levels. In other words the pattern of response by Picochlorum to the three different salinities of 10, 50 and 100 ppt will not follow the same pattern at the two nutrient levels. This may be due to the influence of the amount of the nutrient present. If there is a change in the response pattern from 10 ppt through 50 ppt to 100 ppt for the two nutrient levels, then there is a salinitynutrient interaction. Examining the two factors together may result in the intensification of the stress in organisms or possibly the effect of one may reduce the effect of the other factor. The response of Picochlorum to the three salinities was investigated under control and low bicarbonate.
Salinity did not affect initial growth rate, µ, (Fig. 2 ) and P max (Table 1) at 10 and 50 ppt but Effects of bicarbonate limitation and salinity stress on growth...
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Salinity ( significantly reduced these parameters at 100 ppt at both bicarbonate levels. However, increasing salinity from 10 ppt to 50 ppt to 100 ppt also decreased cell yield on day 10 in control (Fig. 3) . The decreases caused by salinity are expected considering the problems posed by high salinity in algae and plants. In order to overcome salinity stress and the problems they face such as osmotic and ionic stresses, these organisms may channel their efforts into producing compatible solutes for their survival. For example, Picochlorum produces proline as an osmoticum (Hironaka, 2000) and the biosynthesis of this compound from glutamate requires ATP and NADPH. Glutamate used in this synthesis will also not be available for growth. This may be produced at the expense of growth. Maximum quantum yield of PSII, Fv/Fm, was only reduced slightly at 50 ppt and effective quantum yield of PSII electron transport in light adapted state, Φ PSII , was not affected by salinity at both carbon levels, indicating that photoinhibition of photosynthesis was not influenced by salinity in Picochlorum, at least under the growth conditions used (Powles, 1984; Adams et al., 1990) . Since P max expressed per cell was reduced at higher salinity and α was not affected (Table 1) , this suggests that the size of the photosynthetic unit was not changed (Prézelin, 1981) . This is consistent with negligible changes in alpha and it is also consistent with relatively small changes in Chl a/b ratio.
Higher salinity decreased Φ PSII and photochemical quenching, qP, by about 20-25% compared to 10 ppt under HC (Fig. 8) , an indication that actual electron flow was inhibited (Lu and Vonshak, 2002) . When there is less water due to salt stress, the water oxidation complex and PSII may be affected and subsequently electron transfer. When membrane potential is affected by salinity, ATP synthesis is also inhibited. Salinity affected reduced total chlorophylls and total carotenoids only at 100 ppt (Figs. 5 and 6) . Even though the pigments may not be affected, electron flow is interrupted and this may finally affect the dark reactions. El-Sheekh (2004) , has reported that electron transfer from Q A to Q B was decreased by salinity stress in the green alga Chlorella vulgaris, a relative of Picochlorum (Henley et al., 2004) . Salt stress can inhibit protein synthesis such as the D1 protein which will in turn affect the rates at which damaged D1 proteins are replaced and subsequently affect photosynthesis (Allakhverdiev et al., 2002; Mohanty et al., 2007) . In affecting protein synthesis, enzymes in the Calvin cycle may also be affected resulting in a decrease in carbon fixation. Membranes and the transport proteins associated with them are also affected by salinity stress and therefore may affect uptake of some nutrients.
Low bicarbonate (LC) significantly decreased initial growth rate and cell yield at day 10 but did not affect P max and α at all salinities. Low bicarbonate reduced initial growth rate by 38%, 36% and 30% at 10, 50 and 100 ppt respectively (Fig. 4) , while P max was increased by 18%, 12% and 14% at 10, 50 and 100 ppt respectively (Table 1 ). In LC, the cell yield at day 10 was decreased by 27%, 20% and 18% at 10, 50 and 100 ppt respectively (Fig. 3) .
The decrease in initial growth rate and cell yield at day 10 is expected. Considering that carbon is an important component of all biomolecules found in organisms, if it is limited in supply, then carbon fixation is likely to decline as well as the biosynthesis and build up of compounds which may lead to a reduction in growth. This is consistent with the report by Huertas et al. (2000) that the green alga, Nannochloris exhibited growth limitation at lower CO 2 concentration. Marine members of the genus Nannochloris have been reassigned as Picochlorum (Henley et al., 2004) and therefore this is related to P. oklahomensis. Fig. 8 a and b) compared to control.
The increase in P max may be attributed to the fact that photosynthesis was measured under high HCO 3 -by adding 8 mM of HCO 3 -. This was added to all the treatment samples in the photosynthetic set up chamber to ensure that there was enough carbon for photosynthesis. Therefore it appears that Picochlorum grown in LC environment may have become efficient in HCO 3 -uptake, but not necessarily absolute photosynthesis at the growth CO 2 concentration compared to the control. However, during the fluorescence measurements no additional HCO 3 -was added, yet Φ PSII and qP were slightly higher in LC grown cells (Fig. 8) . The increase in P max , Φ PSII and qP by LC may be a way of getting more energy from the light reactions for active uptake of HCO 3 -rather than being channeled into the dark reactions, as is evident in the lower initial growth rate (Fig. 2) and cell yield at day 10 (Fig. 3) .
Some photosynthetic microorganisms have developed mechanisms to help them adapt to low HCO 3 -or CO 2 conditions (Kaplan and Reinhold, 1999; Giordano et al., 2005; Spalding, 2008) . One such mechanism is to enhance the acquisition of CO 2 by producing carbonic anhydrase. This enzyme reversibly converts between HCO 3 -and CO 2 , according to the formula: CO 2 + H 2 O ↔ H 2 CO 3 ↔ H + + HCO 3 -. The external carbonic anhydrase produced by the cell is located on the plasma membrane with direct communication with the immediate surrounding of the cell. Other cells also produce internal carbonic anhydrase which functions in the chloroplast within the cell. A second mechanism that may be used is the active transport of HCO 3 -or CO 2 across the plasma membrane and chloroplast envelope by transporters which require the use of energy (Huertas and Lubian, 1998; Moroney and Somanchi, 1999; Huertas et al., 2000) . The occurrence of an active CO 2 transport system in two marine species of Nannochloris (=Pico-chlorum, Henley et al., 2004) , N. atomus and N. maculata, may explain their higher capacity for using CO 2 than HCO 3
- (Huertas and Lubian, 1998; Huertas et al., 2000) . Since Picochlorum can grow in media with either CO 2 or HCO 3 -as the source of DIC, although it may prefer CO 2 , probably both mechanisms are used by this species of Picochlorum depending on which of these sources of inorganic carbon is available in the environment. Some organisms also have pyrenoids which serve as a component of the carbon dioxide concentrating mechanism (CCM) within which CO 2 is generated from HCO 3 -. This makes CO 2 more available and thus increases the CO 2 / O 2 ratio at the active site of ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco), which favours carbon fixation over oxygenase activity (photorespiration). Rubisco is an important component of pyrenoids in the chloroplast (Raven and Beardall, 2003) . Although Hironaka (2000) , reported the absence of pyrenoid in Picochlorum, an examination of the micrographs of Picochlorum compared with that of some unicellular organisms which possess pyrenoids, and were surrounded by starch grains suggests P. oklahomensis may possess a pyrenoid which may play a role in CCM. Further transmission electron microscopy work on fresh samples would be necessary to confirm this. Also performing molecular studies to confirm the presence and quantify the amount of carbonic anhydrase (CA) in Picochlorum under control and low bicarbonate media will help to resolve whether CA and/or CCM is active in Picochlorum.
Under LC, carbon fixation is presumably reduced and this may also affect nitrogen and sulphur metabolism. When biomolecules such as nucleic acids and proteins are not available, cell division and growth rates are slowed down and eventually yield is also reduced. It appears that at LC, Picochlorum maintained and/or increased the light reaction process to supply energy (ATP) to meet the high energy requirement of active transport of HCO 3 -and, at higher salinities, Na + efflux and synthesis of glycerol. As a result of limiting carbon in the environment and consequent diversion of energy, carbon fixation to support growth was reduced. The cells were probably producing only needed molecules to help them survive. In general, high salinity and low bicarbonate significantly reduced growth rates and yield, but a significant effect of bicarbonate and bicarbonate-salinity interaction were less common among the physiological variables.
